Abstract. Replacement of the signal recognition particle (SRP) 7S gene (SCRI) on a replicating plasmid with scrll (G to A at 129 and A to T at 131 in the consensus sequence -GNAR-in the loop of domain III) resulted in temperature sensitivity for growth of cells in which both chromosomal SRP 7S RNA genes were deleted . Pulse-chase immunoprecipitation experiments were done after a shift to non-permissive temperature using the major secreted protein the alkaline extracellular protease (AEP) as a reporter molecule. No untranslocated AEP precursor was detected in a strain with scrll on a plasmid, but the amount of the largest AEP precursor (55 kD) immunoprecipitated as a percentage of total protein synthesized was reduced 68% compared to an isogenic strain with SCRI N higher eukaryotes, evidence suggests that the signal recognition particle (SRP)' is essential for protein translocation across the ER membrane. SRP is a soluble IIS ribonucleoprotein composed of six polypeptides (72, 68, 54, 19, 14 , and 9 kD) and a single 7S RNA of 300 nucleotides (66, 74) . From the study of in vitro systems, a model has been proposed in which SRP functions as an adapter between the translational machinery in the cytoplasm and the translocational machinery in the ER membrane (49, 66, 74) . The functions of individual SRP proteins have been elucidated by the study of "mutant" SRPs reconstituted in vitro (63, 65) . Three functions ofSRP have been identified : signal recognition, elongation arrest, and translocation promotion (66). Translation of mRNAs coding for secretory proteins begins on free ribosomes in the cytoplasm . When the polypeptide chain has elongated sufficiently, SRP binds the signal sequence/ribosome complex . This interaction results in arrest or pausing of translation (74, 78) . The SRP/ribosome complex is then targeted to the SRP receptor, an ER integral membrane protein. This results in the release of SRP and translational arrest, and the polypeptide is then co-translationally translocated into the ER. During or shortly after on the plasmid . The possibility that an untranslocated precursor was synthesized but not detected because of instability was largely eliminated by detection of a 53-kD untranslocated precursor of a mutated AEP (P17M; methionine replaced proline in the second position of the pro-peptide) which chased to the 55-kD translocated AEP precursor. Thus, SRP has a role in the biosynthesis of AEP. Possibly, the scrll mutation does not affect signal recognition or translational arrest but instead results in maintenance of translational arrest of AEP synthesis . The results also suggest that AEP can be translocated in vivo either co-translationally in which SRP is at least involved in biosynthesis or posttranslationally without SRP involvement .
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© The Rockefeller University Press, 0021-9525/92/02/605/12 $2 .00 The Journal of Cell Biology, Volume 116, Number 3, February 1992 605-616 on the plasmid . The possibility that an untranslocated precursor was synthesized but not detected because of instability was largely eliminated by detection of a 53-kD untranslocated precursor of a mutated AEP (P17M; methionine replaced proline in the second position of the pro-peptide) which chased to the 55-kD translocated AEP precursor. Thus, SRP has a role in the biosynthesis of AEP. Possibly, the scrll mutation does not affect signal recognition or translational arrest but instead results in maintenance of translational arrest of AEP synthesis . The results also suggest that AEP can be translocated in vivo either co-translationally in which SRP is at least involved in biosynthesis or posttranslationally without SRP involvement .
translocation, signal peptide cleavage and core glycosylation occur. Besides a role as a scaffold for binding SRP proteins (73) , functional roles for SRP 7S RNA in elongation arrest and in interaction with the SRP receptor have been proposed (36, 63, 81) . Recently, it has been shown that SRP 7S RNA undergoes conformational changes which possibly are a necessary component for movement through the SRP cycle (3) .
The study of the in vivo functions of SRP was made possible by the isolation of SRP homologues and SRP 7S RNA genes in two genetically tractable organisms, Yarrowia lipolytica (30, 46) and Schizosaccharomyces pombe (12, 46, 51) . The yeast RNAs resemble higher eukaryotic 7S RNA with respect to size, transcriptional start signals, Tend structures, potential secondary structures, and binding under stringent conditions to mammalian SRP proteins. S. pombe contains a single essential SRP 7S RNA (12, 51) . Mutations in a conserved tetranucleotide loop in domain IV demonstrated it is important for function ; several of the mutations resulted in osmotic sensitivity at higher temperatures (37) .
Homologues to Srp54p have been isolated from Saccharomyces cerevisiae and S. pombe (1, 26) . Antibodies against Srp54p from S. pombe coprecipitate the S. pombe 7S RNA, and antibodies against Srp54p from S. cerevisiae coprecipitate S. cerevisiae SCRI RNA (519 nucleotides) 605 (Hann, B. C., and P . J. Cell Biol. 111:386a) . Deletion of 252 nucleotides from the SCRI coding region results in sick but viable cells (22) . Recent studies in E. coli, although controversial (7, 8, 13, 48) , suggest that a ribonucleoprotein containing the 4.5S RNA has SRP-like properties (47, 52) and that protein secretion can occur by posttranslational and SRP-like homologue mediated co-translational pathways (47, 50, 52) .
In this study we isolated a temperature sensitive mutation in one of the genes (SCRI) coding for the Y. lipolytica SRP 7S RNA . Y. lipolytica is a dimorphic, heterothallic yeast which is quite different from S. cerevisiae (5) and S. pombe. Y. lipolytica contains two functional SRP 7S RNA genes : SCRI and SCR2 (31) . Disruption of either gene alone has no obvious effect on growth or secretion, but disruption of both genes is lethal (31) . Y. lipolytica secretes significant levels of several hydrolytic enzymes, and it produces an alkaline extracellular protease (AEP) at levels of 1 to 2 % of total cell protein (40, 43) . AEP processing involves several intracellular precursors; the largest and earliest precursor detected in pulse-chase immunoprecipitation experiments is a 55-kD translocated polypeptide which lacks the signal peptide (21, unpublished data) but contains 2 kD of N-linked carbohydrate (39, 40) . The next largest AEP precursor is a 52-kD polypeptide which results from dipeptidyl aminopeptidase processing (39) . The major processing pathway is from the 55-to the 52-kD precursor and then to the 32-kD mature AEP (40) . In wild type strains, even with short labeling times, no untranslocated AEP precursor is detected suggesting that translocation is co-translational . If the scr11 mutation affected signal peptide recognition then one would expect untranslocated AEP precursors to accumulate, but instead we found that this mutation had a preferential effect on biosynthesis of AEP One possibility is that the scrll mutation does not affect the signal recognition and translational arrest functions of SRP but that translational arrest is maintained.
In higher eukaryotes, translocation is generally thought to be SRP mediated and co-translational (74) . In vitro SRPindependent posttranslational translocation across dog pancreas microsomal membranes has recently been demonstrated (61) . In S. cerehisiae, there are several proteins for which posttranslational translocation has been demonstrated in vivo (2, 10, 20, 38, 41, 57, 67, 70) or in vitro (27, 28, 55, 70, 75) . We show that a mutation in the pro-region of AEP results in its efficient (but slow) posttranslational translocation. Therefore, it appears that AEP can use both posttranslational and co-translational (with SRP at least involved in AEP biosynthesis) translocation pathways. Boehringer-Mannheim Biochemicals (Indianapolis, IN), New England Biolabs (Beverley, MA) and Amersham (Arlington Heights, IL). Protein A-Sepharose 4 Fast Flow was purchased from Pharmacia Fine Chemicals (Piscataway, NJ) . AEP antiserum was prepared as described previously (40) . The drug 5-fluoroorotic acid (5-FOA) was obtained from SCM (Specialty Chemicals, Gainesville, FL) .
Materials and Methods

Growth Media
Complete medium was YEPD, and minimal medium was YNB-glucose (62) . Cultures were maintained on YM (40) . YM + was YM supplemented with uracil (33 mg/ml), leucine (150 mg/ml), and hypoxanthine (100 mg/ml) . Cultures were grown in YPDC (1% yeast extract, 1% bactopeptone [Difco Laboratories Inc ., Detroit, MI], 1% dextrose, 50 mM sodium citrate, pH 4 .0) for transformation (79) . For Lys strains, lysine, or glutamic acid at a final concentration of 0.1% was used instead of ammonium sulfate in minimal medium since Lys strains do not grow on ammonium sulfate as the nitrogen source. GPP* medium (40) was used for the growth of cultures for labeling experiments; it contained 1 .0% glycerol, 0.24% Proteose peptone (Difco Laboratories Inc .), 0.17% yeast nitrogen base without amino acids or ammonium sulfate (Difco Laboratories Inc .), 40 mM phosphate buffer pH 6.8, and 0.003 % adenine. GC medium is GPP* with 0.4 gm of casein per liter substituted for Proteose peptone. The 5-FOAselective medium was prepared as described by Boeke et al . (11) except the pH was adjusted to 7.0.
Plasmids and Strains
For DNA manipulations E. coli strains HB101 or JM105 were used (59) . The E. coli strains used for site-directed mutagenesis were MV1190 and CJ236 (24) .
The Y. lipolytica haploid needed for the plasmid shuffle was constructed by first mating DX606-3D scr1: :ADE1 ura31eu2 prol with 21501-4 lys5 leu2 adel xpr2 (provided by C . Gaillardin, INRA, Thiverval-Grignon, France) using standard protocols (6, 44) . One of the segregants from this cross DX621-1 scr1: :ADE1 leu2 lys5 ura3 xpr2 was mated with DX588-1B adel leu2 trpl uro3. The diploid was sporulated and random spore analysis was done. Three segregants with the desired phenotype of scr1: :ADE1 leu2 lys5 ura3 were analyzed by Southern blotting to confirm the presence of the scrl: :ADE1 disruption . One of the segregants DX642-3 scr1: :ADE1 leu2 lys5 ura3 was transformed with pIMR59 which contained the SCRI and URA3 genes and ARS18 an autonomously replicating sequence (provided by P Fournier, INRA, Thiverval-Grignon, France) . Ura+ transfbrmants were selected . After confirming that one of the Ura+ transformants contained the plasmid, the SCR2 chromosomal locus was disrupted with a scr2 : :LYS5 allele (58) . The SCR2 disruption was constructed by digesting pINA400 (provided by C . Gaillardin) with Salt to remove the URA3 gene . The plasmid pINA400 is a pBluescript plasmid containing the 3 .2-kb HindIN--VtOI SCR2 fragment from which a 570-bp Drol--EcoRV fragment, which includes the entire coding region of SCR2, had been deleted and into which the URA3 gene had been inserted to construct the scr2 :: URA3 disruption (31) . The SaQ-digested pINA400 was treated with Klenow fragment to create blunt ends and with calf intestinal alkaline phosphatase to prevent self-ligation and ligated to the 4 .4-kb SphI-Bg1II LYS5 fragment which had been bluntended using T4 DNA polymerase. The resulting recombinant plasmid pIMR54 was digested with Apal and Nod to target integration to the SCR2 locus (58) . The DX642-3 strain containing pIMR59 was transformed and Lys* transformants were selected . The presence of the scr2 : :LYS5 disruption was confirmed by Southern analysis . This strain was used for the isolation of conditional mutations of SCRI and provided the isogenic background used for the in vivo analysis of the effects of scrl-1 on protein secretion . DY63 and DY66 were obtained by replacing pIMR59 in this strain with pIMR63 (SCRI) and pIMR66 (scrl-1), respectively. For the construction of plMR63, pINA240 which contains the ARS18 and LEU2 fragments was digested with NdeI, blunt-ended, and religated to destroy the NdeI site to create pIMR62 . A 2 .5-kb BamHI/Apal fragment containing SCRI was isolated, and BamHI linkers were added . The 2 .5-kb BamHI SCRI fragment was subcloned into pIMR62 to get plMR63 . To obtain plMR66, a 560-bp NdeI/M1uIscrl-1 fragment was subcloned into pIMR63. For plMR59, the LEU2 fragment in pINA240 was replaced with the 1 .7-kb URA3 Saf fragment to give pIMR53, and the 2 .5-kb SCRI BamH1 piece described above was subcloned into pIMR53 .
The glycosylation and NHZ-terminal sequencing studies of the P17M mutation were done in a strain derived from CX1614B adel A (40) . Details of the plasmid constructions for the deletions of URA3 (400-bp EcoRV fragment) and XPR2 (150-bp ApaI fragment) will be described elsewhere. These deletions were incorporated sequentially into CX161-1B by a two-step gene replacement technique using 5-FOA selection (11) . The P17M mutation was incorporated into the adel URA3 XPR2 strain by transforming with pIMR118 cut at M1uI in the XPR2 promoter region, selecting Ura+ transformants, and then selecting Ura -Xpr+ strains after growth on 5-FOA . Replacement of the XPR2 deletion was confirmed by Southern analysis. The plasmid pIMR118 containing the P17M mutation was constructed by replacing a 1,655-bp SphIIXbaI fragment in pIMR101 with the SphIlAbaI fragment containing the mutation ; pIMR101 contains a 2 .76-kb SphIlEcoRI XPR2 fragment and a 1 .7-kb Salt URA3 fragment in pBR322 .
The P17M mutation was incorporated into DY63 and DY66 in two steps . Since these strains were Xpr+, first the 150-bp Apal fragment deletion in XPR2 was incorporated by the two-step gene replacement using 5-FOA (11) to obtain an Xpr strain . Then the P17M mutation, which yields an Xpr+ phenotype, was incorporated as described above for the adel xpr2 ura3 strain .
In Vitro Mutagenesis
Site-directed mutagenesis was done using the Bio-Rad Muta-gene M13 in vitro mutagenesis kit and its detailed protocols and strains ; the kit is based on methods described by Kunkel et al . (35) . For the two base pair change mutation in scrl-1, the primer used was 5'-CGGTCTGAATTATCG-GCTTT 3'. For P17M, the oligonucleotide used was 5'-CGTTCTG000GC-TATGCTGGCCGCCCCTG-3' in which ATG replaces CCC coding for praline at position 17 in AEP.
Pulse-Chase Immunoprecipitation
Labeling, preparation of cell extracts with glass beads, and immunoprecipitation were done as described previously (40) . Cells were grown in GPP* medium and resuspended in GC medium at a cell density of 1,000 Klett U (2 x 10 8 cells/ml) . For experiments in which cells were shifted to 33°C for one or two hours, GPP* cultures were shifted to 33°C for 20 min or 1 h and 20 min, respectively. After harvesting, the cells were resuspended in prewarmed GC and incubated at 33°C for 40 min . After 40 min in GC, 250 mCi of L-[4,53H]leucine (120-190 Ci/mmol) was added for every 6 ml of cells . Cells were labeled for 45 s, and chased with 3,000-fold excess of cold L-leucine . Cell extracts were prepared and immunoprecipitated and supernatant proteins TCA precipitated as described previously (40) with the following modifications : (a) clarified cell extracts were adjusted to 4% Triton X-100 before the addition of antiserum ; (b) 50 Al of washed, packed protein A-Sepharose 4 Fast Flow was added to the antiserum and cell extract mixture; and (c) TCA-precipitated supernatant samples were neutralized with 1 M Tris instead of NaOH . Total incorporation of label was measured at selected post-chase time points by scintillation counting of boiled TCA precipitates from two 100 Al samples of labeled cell suspension (40) .
Endoglycosidase H Digestion
Endoglycosidase H (endo H) from ICN (Irvine, CA) was prepared as described by the supplier. It was dissolved in 230 pl of 50 mM sodium citrate, pH 5 .5, 0.1% SDS, and 5 mM sodium azide to 1 mU/ml . This stock was stored at -80°C and was diluted to 0.2 mU/Al before use.
Pulse-chase immunoprecipitation samples were ethanol precipitated ; 50 or 100 Al of non-reduced sample was added to 1 nil of 100% ethanol and incubated overnight at -20°C . After centrifugation at 12,000 rpm at 4°C for 30 min, the pellet was washed with 70% ethanol and dried . The pellet was resuspended in 25 Wl of 500 mM sodium citrate, pH 5 .5, 0.1% SDS, 2 mM PMSF. To the sample, 5 Al of dilute endo H (0 .2 mU/pl) was added . The digestion was incubated at 37°C over night, an additional 5 WI of dilute endo H was added, and the incubation was continued at 37°C for another 6 h . To terminate the reaction, Laemmli loading buffer (4x) (39) was added, and the mixture was boiled for 5 min .
PAGE and Fluorography
Proteins were analyzed by electrophoresis in 10 to 15% linear gradient polyacrylamide gels (40) . For immunoprecipitates, 25 Al of sample, equivalent to 0.375 ml of suspended cells, was applied per lane . Extracellular proteins precipitated by TOA were dissolved in 250 Al of Laemmli buffer, and 25 Al, equivalent to 0.3 ml of suspended cells, was loaded per lane .
After electrophoresis, gels were stained with Coomassie brilliant blue and destained in 10% methanol, 15% acetic acid . The gels were treated with DMSO and the scintillator 2,5-diphenyloxale . The treated gels were dried and exposed to preflashed Kodak X-Omat AR film and stored at -80°C .
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Gel slices were rehydrated in 50 Al of water and solubilized by shaking overnight at 37°C in 10 ml of Econofluor-Protosol mixture (95 :5) in glass vials (40) .
Glycoprotein Precipitation with ConA
Cells were grown and labeled as described previously except the labeling period was extended to two minutes . Samples were processed as described previously . Of the 600 nil of clarified extract, 585 Al was inununoprecipitated with AEP antiserum . 15 Al of the cell extract was diluted with 135 Al of ConA reaction buffer (0.5 M NaCl, 20 mM Tris, pH 7 .4, 2 % Triton X-100) (19) , and 25 Al of packed Con A-Sepharose 4B was added followed by incubation at 4°C for 3 h on a rocking platform . Con A-Sepharose beads were sedimented by centrifugation. The unbound supernatant was removed and saved . The beads were washed three times with 1 ml of Con A reaction buffer . Bound glycoproteins were eluted with 200 Al of 300 mM methyl-ce-D-mannopyranoside, 2 mM PMSF, 0.5 M NaCl, 20 mM Tris, pH 7.4, 2% Triton X-100 at room temperature for 1 h with shaking . After the beads were pelleted, the supernatant containing eluted glycoproteins was removed . The ratio of bound counts to total counts was determined by scintillation counting of the bound and unbound fractions.
RNA Analysis
Total RNA, prepared as described by Davidow et al . (18) , was electrophoresed on an agarose gel containing formaldehyde (59) . The RNA was transferred to Zeta probe nylon membrane (Bio-Rad Laboratories, Richmond, CA) according to the manufacturer's instructions . Probes were prepared by random primed DNA labeling .
DNA Sequencing
Single (68) and double stranded (15) DNA sequencing was done by the dideoxy method (60) using the Sequenase kit (United States Biochemical, Cleveland, OH) and [ 35S]dATP (9) .
Radiosequencing
Radiolabeled cell extracts were prepared as described previously with the following modifications : cells were kept at 23°C during growth and after transfer to GC medium . After 30 min in GC medium, 20 ml of cells were double labeled for 100 s with 1 MCi of L-[ 35 S]methionine and 1 mCi of L- [4,5 3H ]leucine and chased with 3,000-fold excess of unlabeled methionine and leucine. Samples were taken as soon as possible and 10 min after the addition of the chase for the 53-and the 55-kD AEP precursor samples, respectively. The immunoprecipitates were run on a 10-15% SDS-PAGE gel for which the precautions recommended by Hunkapillar et al. (33) were taken . The labeled bands were electrophoretically transferred to Immobilon PVDF membrane (Millipore, Bedford, MA) (69) . The membrane was extensively washed, blotted dry, and exposed to X-ray film to locate the bands . The bands were cut out, extensively washed, and subjected to automated Edman degradation in an Applied Biosystems 470A gas phase sequencer. The [35 S]methionine and [3 H]leucine counts in each cycle were determined by double-channel counting with a scintillation counter (model 7500 ; Beckman Instruments, Inc ., Palo Alto, CA) .
Protease Protection
The protease protection experiments were based on protocols published for S. cerevisiae (56) and Y. lipolytica (21) . Cell labeling and the chase were done as in a standard pulse-chase immunoprecipitation experiment except that labeling was for 60 s. A 12-ml sample was taken 1 .5 min after addition of the chase and added to 4 .6 g of crushed ice containing sufficient sodium azide, leucine, and PMSF to give final concentrations of 10, 2 .5, and 2 mM, respectively. Cells were incubated for 15 min at 30°C in sodium thioglycolate (30 mg/ml), 50 mM Tris-HCI (pH 9.1), and 0.8 M KCI . Cells were then incubated for 25 min at 30°C in JD buffer (1 M KCI, 20 mM MES, pH 6.0) containing 4 mg/ml of a lyric enzyme (obtained from J. DeZeeuw, Pfizer, Inc., Groton, CT) prepared from Trichoderma harzianum and -0.2 mg/ml lyticase (No. L5263 ; Sigma Chemical Co.) . Over 90% of the cells were spheroplasts after this incubation . The cells were washed three times with JD buffer and resuspended in 2 ml of homogenization buffer (0.3 M mannitol, 100 mM KCI, 1 mM EDTA, 50 mM Tris-HCI, pH 7.5) (56) containing an inhibitor cocktail to give final concentrations of 2 mM EDTA, 2 mM PMSF, 1 mM benzamide, 1 Aglml leupeptin, and 50 AM 4-hydroxymercuribenzoic acid . Spheroplasts were lysed with 10 strokes by hand in a 10 nil Potter-Elvehjem tissue grinder (No . 358039 ; Wheaton Scientific, Millville, NJ) and centrifuged for 5 minutes at 900 g (21) . 6 ml of supernatant liquid was divided into four equal portions . In some samples, Triton X-100 and/or proteinase K were added to final concentrations of 0.4% and 0.5 mg/ml, respectively. The samples were incubated for 1 h at 0°C, TCA added to 10% (vol/vol), and after several hours incubation on ice the precipitate was washed with cold acetone and dried in the Speed Vac (Savant Instruments, Inc., Farmingdale, NY) . To each sample, 200 j1 of 50 mM, Tris-HCl (pH 6.8), 1 MM M9C12, 1 mM CaCl2, 1 mM leucine was added . The solutions were made up to 1 % SDS and 2 mM PMSF, vortexed, and incubated at room temperature for 10 min. Then Triton X-100 was added to 4% final concentration, the antibody added, and the standard immunoprecipitation protocol followed (40) .
Results
Isolation ofConditional Alleles of SCRI
To begin elucidating the in vivo functions ofthe SRP 7S RNA, we isolated a conditional mutation in SCRI by site-directed mutagenesis. The mutation was designed based on the consensus sequence -GNAR-present in the stem-loop of domain III ofall sequenced 7SL RNAs (14) . The mutant allele scrl-1 contained two base changes (G to A at 129 and A to T at 131) (Fig. 1) , and it was shown to result in temperaturesensitive growth using a plasmid shuffle (11) . A haploid in which both SCRI and SCR2 chromosomal loci were disrupted and in which the SCRI and URA3 genes were carried on an autonomously replicating plasmid (pIMR59) was transformed with an autonomously replicating plasmid carrying scrl-l and LEU2 (pIMR66) . Leu+ transformants were selected, and plated on medium containing 5-FOA which inhibits growth of URA3+ cells.
The Journal of Cell Biology, Volume 116, 1992 rying scrl-l on the LEU2 plasmid grew on 5-FOA at 14 and 23°C but not at 33°C. The scrll plasmid was rescued from the strain and rescreened in the plasmid shuffle which confirmed that the temperature-sensitive phenotype was linked to the plasmid . The 560-bp NdeIlMlul fragment of the rescued plasmid was sequenced to confirm that it contained the scrll allele.
The scr11 Allele at the Normal Chromosomal Locus Cannot Support Growth
We attempted to replace SCRI with the scrl-l allele at its normal chromosomal locus to construct a strain for in vivo studies of the effects of scrll on protein secretion. Integrating plasmids containing the URA3 gene and either the SCRI or scrl-1 allele were digested to target integration to the scr1: :ADE1 locus of DY63 [ASCRI, ASCR2, pIMR63 (LEU2, SCRI)] . Ura+ transformants were selected and grown in YEPD medium supplemented with leucine to allow for loss of pIMR63. In the Leu-derivatives obtained, the only copy of the 7S RNA gene present should be that integrated at scr1::ADET These Leu-strains were then grown on 5-FOA to select for a homologous recombination event which should leave either the original scrl::ADE] allele or the recently integrated SCRI or scrl-l alleles at the normal chromosomal locus. For the SCRI integrant, a successful transplacement occurred which was confirmed by Southern analysis (data not shown) . However, the scrl-l integrants were unable to lose the SCRI LEU2 plasmid (pIMR63) even after growth in YEPD supplemented with leucine at 23°C for -48 generations. No loss of pIMR63 was seen among the more than 3,200 colonies scored in contrast to the >50% loss frequency seen for the SCRI integrants . Loss of pIMR63 in the scrll integrants was also tested at 18°C, and no Leu-colonies were found among the >4,000 scored indicating that the chromosomal scrl-1 could not support growth even at this lower temperature . Perhaps, higher levels of scrl-l 7S RNA are
We next investigated how quickly cells were irreversibly inactivated during incubation at 33°C so that they could no longer recover and grow when transferred back to 23°C (Fig.  2) . DY63 (SCRI) and DY66 (scrl1) were grown at 23°C and split at time zero; half was shifted rapidly to 33°C, and the other half was kept at 23°C. Samples were taken and plated on YM+ at 23°C. At least half the number of DY66 (scrll ) cells originally present could recover and grow even after 6 h at the nonpermissive temperature .
The scrll Allele Preferentially Affects the Levels ofa Secretory Protein
The isogenic strains DY63 (SCRI) and DY66 (scrll) were examined in pulse-chase immunoprecipitation experiments to obtain in vivo evidence for SRP involvement in protein secretion . AEP, which can account for up to 2% of total cell protein (40, 43) , was used as the reporter molecule. AEP posttranslational processing results in several intracellular precursors (40) . The earliest and largest precursor detected in wild type cells is a 55-kD polypeptide which presumably has been translocated into the ER because it contains 2 kD of N-linked carbohydrate (40) and it lacks the signal peptide (21, unpublished data) . Even with pulse-labeling times as short as 30 s, untranslocated AEP precursors are not found (data not shown), suggesting that translocation is co-translational .
Our original expectation was that an untranslocated AEP precursor might accumulate in DY66 (scrl1) but not in DY63 (SCRI) . This precursor should still retain the 15 amino acid signal peptide but it should lack the 2 kD of N-linked carbohydrate, thus it would be predicted to have a mobility on SDS-PAGE similar to that of the 55-kD precursor. For both DY63 (SCRI) and DY66 (scrl1), the only precursors detected at early time points after the cells were shifted to 33°C after 1 h were about 55 kD. Treatment with endo H revealed that both precursors contained about 2 kD of N-linked carbohydrate strongly suggesting that they had been translocated across the ER membrane (Fig . 3) . Thus, we obtained no evidence for an untranslocated AEP precursor in scrl-1 cells, and data presented below suggests that we would have been able to detect such a precursor.
We did notice, however, that in DY66 (scrl1) the amount of labeled 55-kD precursor immunoprecipitated at all timepoints examined was consistently reduced in comparison to the levels detected in DY63 (SCRI) (Fig . 4, a and c) . These differences were much greater than the 12 % decrease (average of five experiments) in total protein synthesis found for DY66 (scrll) versus DY63 (SCRI) . To quantitate the amounts of the 55-kD precursor immunoprecipitated, bands containing the precursor were cut from the gel, rehydrated, and counted in a scintillation counter. The absolute values of counts in 55-kD AEP precursor/total counts incorporated x 100% varied considerably from experiment to experiment; however, the relative ratios of the value for DY66(scrll) divided by that for DY63(SCRI) were fairly consistent within an experiment . For the 0, 1 .5, and 3 min time points the ratios were 0.37 ± 0.22 (n = 5), 0.32 ± 0.18 (n = 4), and 0.28 ± 0.10 (n = 5) (mean f SD, n = number of determinations) .
Yaver et al . SRP 7S RNA Mutation Affects AEP Synthesis Figure 3 . The 55-kD AEP precursors found in DY63 (SCRI ) and DY66 (scrll) after 1 h at 33°C contain ti2 kD of N-linked carbohydrate . Immunoprecipitates from 0 timesamples were treated with endo H and electrophoresed on a 10 to 15% linear gradient SDS-PAGE gel . The figure includes two sections of the same gel . For the three lanes on the left, the film was exposed for 75 Therefore, -68% reduction in the specific rate of AEP 55-kD precursor synthesis was observed with the scrll mutation . As would be predicted based on the above results, the levels of mature AEP secreted from DY66 (scrl-1) were also lower than from DY63 (SCRI) (Fig . 4 b) , although the decrease was not as great as for the intracellular 55-kD AEP precursor (see Discussion) .
After a 2 h shift to 33°C, a similar result of an approximate 75 % reduction in AEP precursor levels in DY66 was also obtained . However, after a 15 min shift to 33°C, little or no effect on AEP biosynthesis was observed .
We examined the effects of the scrll mutation on other secreted proteins by measuring Con A bindable counts after either a 0, 1, or 2 h shift to 33°C. Con A binds mannose residues which are added in the secretory pathway (45) and to some extent in the cytoplasm and nucleus (29) . Cells were labeled for 2 min followed by a chase. Samples were taken immediately, and intracellular extracts were incubated with Con A-Sepharose 4B. Total bound and unbound counts were measured, and the ratios of total bound counts to total counts (bound plus unbound) were calculated (Table I) . After a 1 or 2 h shift to 33°C, total counts in glycoproteins were reduced on average by 27% in DY66 (scrl-1) as compared to DY63 (SCRI) ; whereas, when cells were grown and labeled at 23°C, the counts in the glycoproteins were comparable. The reduction of 27% in Con A bindable counts in the mutant strain is much less than the 68 % reduction of the levels of AEP 55-kD precursor suggesting that the effect on most other glycoproteins traversing the secretory pathway is not as severe as for AEP.
To rule out two possible explanations for the lower levels of AEP precursors present in DY66 (scrll), SCRI RNA levels and AEP mRNA levels were compared in DY63 (SCRI) and DY66 (scrll) 1 h after a shift to 33°C. Total RNA from both strains was isolated after the temperature shift . Northern blots were probed with labeled SCRI and XPR2 (AEP) gene fragments and with a probe for rRNA as a control for RNA recovery and loading. The levels ofboth AEP mRNA and 7S RNA present in the DY66 (scrl1) were comparable to those seen in DY63 (SCRI) (data not shown) . Therefore, lower levels of AEP mRNA or 7S RNA cannot account for the decrease in AEP precursors detected in the mutant scrl-1 cells . 609 
Detection ofan Untranslocated AEP Precursor Suggests That scrll Affects Synthesis and Not Translocation ofAEP: A Mutated AEP Can Be Translocated Posttranslationally
The decreased level of the 55-kD AEP precursor in DY66 (scrll) after a shift to 33°C could result from a decrease in AEP synthesis and/or from synthesis of an untranslocated AEP precursor which is short lived or extremely sensitive to endogenous proteases and therefore undetectable even with a very short pulse . The second possibility was largely eliminated by the fortuitous discovery of a mutated AEP (P17M) which is translocated posttranslationally. In P17M
The Journal of Cell Biology, Volume 116, 1992 the proline in position 17, the second position in the 142 amino acid pro-peptide, was changed to methionine (see top of Fig . 7) . The P17M allele of AEP was substituted for the wild type gene at its normal chromosomal locus, and the P17M strain was examined by pulse-chase immunoprecipitation experiments at either 23°C or after a 1 h shift to 33°C. The earliest detected AEP precursor was -53 kD (Fig. 5 a) , and the 53 kD precursor was completely chased to a 55-kD precursor (Fig. 5 b) . Endo H digestions of the 53-and 55-kD precursors demonstrated that the 53-kD form is unglycosylated, and the 55-kD form contains 2 kD of N-linked carbohydrate (Fig . 6) .
The endo H results suggest that the 53-kD AEP precursor 610 MsLLys Leu Ala Thr Ala Phe Thr Ile Leulo Thr Ala Val Lsu Ala //Ala Met Leu Ala Ala20 Figure 7 . The 55-kD precursor produced in a strain with the P17M mutation contains the signal peptide, and the 55-kD precursor does not . NHZterminal radiosequencing of 55K the 53-and 55-kD AEP precursors . Cells were radiolabeled with both ["S]methionine and [3H]leucine for 100 s and chased with both leucine and methionine. Samples were taken as soon as possible and 10 min after the addition ofthe chase for the 53-and MAD precursors, respectively. The cell extracts were immunoprecipitated withAEP antiserum . The immunoprecipitates were run on a 10 to 15% linear grae 10 12 14 dient SDS-PAGE gels, transferred to Immobilon PVDF membrane, and the membrane bands were cut out and subjected to automated Edman degradation. Results for the 53-kD AEP precursor are on the left, and results for the 55 kD precursor are on the right . The sequence at the top of the figure is the first 20 NHZ-terminal amino acids of the prepro-region of AEP containing the P17M mutation ; // indicates the signal peptide cleavage site. Cycle number
[3H]leucine. After the chase, samples were taken immediately and 10 min after addition of the chase for the 53-and 55-kD precursors, respectively. Radiosequencing of the 53-kD precursor yielded methionine and leucine residues in cycles 1 and 3, respectively (Fig. 7 a) . This arrangement indicates thatthe 53-kD precursor begins with the initiator methionine and that it must contain the signal peptide . For the 55-kD precursor, a methionine in cycle 2 and a leucine in cycle 3 were detected indicating that the 55-kD form begins after the signal peptide cleavage site (Fig. 7 b) . The glycosylation and radiosequencing results both strongly suggest that the 53-kD precursor is not translocated and that the 55-kD precursor is translocated. Thus the P17M AEP molecule appears to be posttranslationally translocated . The fact that the P17M 53-kD untranslocated precursor was readily detected strongly suggests that a wild type untranslocated AEP precursor would also be detectable at 33°C in DY66 (scrl1) .
To demonstrate that the P17M 53-kD AEP precursor is untranslocated while the P17M 55-kD AEP precursor is translocated, we performed protease-protection experiments . We labeled intact cells, made spheroplasts, lysed the spheroplasts, and did protease-protection experiments on the lysate. We could demonstrate that both the P17M and wild type 55-kD precursors were protected from proteinase K digestion in the absence of Triton X-100 but not in its presence (data not shown) . However, we could not detect the P17M 53-kD AEP precursor even in the control where neither proteinase K nor Triton X-100 was added which suggests that the P17M 53-kD AEP precursor is proteolytically degraded during preparation of cell extracts from spheroplasts .
One explanation for the absence of the P17M 53-kD precursor is that it was being posttranslationally translocated during sample preparation despite addition of sodium azide . In this case, only the 55-kD precursor would be detected . To eliminate this possibility, cells were pulse labeled and taken through the same temperature regime used for spheroplasting and cell lysis . A cell extract was prepared by homogeni- Cycle zation with glass beads which should break open both cells and intracellular compartments . Both the P17M 53-and 55-kD AEP precursors were detected, but neither precursor was protected from proteinase K even in the absence of Triton X-100 (data not shown) . Therefore, the 53-kD precursor does not appear to be posttranslationally translocated during sample preparation, and this is consistent with in vitro results showing that energy is required for posttranslational translocation (28, 55, 75) . We conclude that the P17M 55-kD precursor is in a membrane-bound compartment and that the P17M AEP 53-kD precursor is most likely located outside a membrane-protected compartment where it is more accessible to proteases present in the cell extract . Detection of the P17M 53-kD untranslocated precursor demonstrates that an untranslocated precursor should be stable enough to be detected in DY66 (scrll) or wild type. Taken together with the decrease in the levels of the 55-kD AEP precursor in DY66 (scrl-I), these results strongly suggest that the scrll mutation preferentially affects AEP synthesis And not translocation . Based on the models of SRP function, we believe the decrease in AEP synthesis may be due to maintenance of translational arrest (see Discussion) .
The scrl1 Allele Does Not Affect the Levels ofP17M AEP Precursors
Results obtained with P17M suggest that full length AEP precursors are being synthesized in the cytoplasm and posttranslationally translocated into the ER. Results from wild type suggest that translocation is co-translational and results with the scrl-1 mutation suggest that SRP is at least involved in AEP synthesis . The posttranslational translocation of P17M suggests that signal peptide recognition by SRP does not occur, whereas, it seems likely that for the scrl-1 mutation signal peptide recognition does occur. Therefore, it would be predicted that when the P17M and scrll mutations were combined in the same strain, the mutated AEP should 612 number Table A Synthesis after 1 h at 33°C ofPI 7MAEP Precursors in Cells Containing scr1-1 or SCRI Cells were grown at 23°C, transferred to 33°C for 1 h, labeled for 45 s with ['H] leucine, and a standard immunoprecipitation was done . Duplicate SDS-PAGE gels were run for twice the normal length of time to increase the separation of the 53-and 55-kD AEP precursors . Bands were detected by fluorography, cut out, and counted.
be posttranslationally translocated, and there should be no translational arrest of P17M synthesis since translational arrest follows and is dependent upon signal peptide recognition .
The P17M allele was substituted for wild type AEP in strains DY63 (SCRI) and DY66 (scr11), and these strains were designated DY63-P17M and DY66-P17M . Pulse-chase immunoprecipitation experiments were done on these strains after a 1 h shift to 33°C. The pattern of immunoprecipitates in both strains was similar to that for a strain with only the P17M mutation ; the 53-kD precursor chases into the 55-kD precursor (as in Fig . 5 ). The counts in the 53-and 55-kD AEP precursors were determined at selected times . There was no evidence for translational arrest of synthesis of either P17M AEP precursor in DY66-P17M compared to DY63-P17M (Table II) . Thus, these results are consistent with the original prediction that the defect caused by the P17M mutation occurs earlier in the AEP synthesis/translocation pathway than the defect caused by the scrl-1 mutation.
Discussion
Ranslational Arrest?
We have isolated a temperature sensitive mutation in the SCRI gene coding for one of the two functional SRP 7S RNAs synthesized in Y. lipolytica. The mutation scrl-1 changes both conserved bases in the conserved sequence -GNAR-in the loop of the domain III stem loop (14) . It is not known if either of the base changes alone would cause the phenotype. The scrll allele could not support growth when integrated at its normal chromosomal location. The plasmid copy number is estimated to be two to three (23) and the increased copy number, perhaps combined with a differenttranscription rate on the plasmid, probably results in high enough levels of scrl-1 7S RNA to compensate for the functional defect(s) .
Whether scr1-1 causes defects in SRP assembly or loss of function of existing SRP molecules remains to be determined . No effect on AEP synthesis was observed at 23°C or at 15 min after the shift to 33°C, while the effects after 1 or 2 h were similar. This implies that existing SRP particles did not rapidly lose functionality. On the other hand 1 h is less than half the doubling time, and if the turnover rate of SRP 7S RNA is low, then defective SRP assembly is a less likely explanation for the effect on AEP synthesis. The fact that the Yaver et al . SRP 7S RNA Mutation Affects AEP Synthesis loss of cell viability was not much more rapid than the decrease in AEP synthesis after a shift to 33°C is consistent with the primary defect of the scr1-1 mutation being the decrease in AEP synthesis (and presumably synthesis of other SRP "dependent" proteins) .
Nearly 70% of tetraloops (four nucleotide loops) in rRNAs are either -UNCG-or -GNRA- (25, 77) . These two tetraloop sequences also occur in many other RNAs like 7S RNA, the catalytic RNA of RNase P and the self-splicing RNAs (71) . The -GNAR-consensus in the stem loop of domain III of the 7S RNA (and specifically the GUAA in Y. lipolytica) fits the -GNRA-tetraloop consensus. In addition, the stem loop of domain IV of the S. pombe 7S RNA, shown to be important for function (37) , also fits the -GNRAtetraloop consensus. The solution structures of RNA hairpins containing a -GCAA-or -GAAA-tetraloops have been reported recently (32) . The hairpin is very compact in shape and has many intramolecular interactions which contribute to its unusual stability (32) and which could provide nucleation sites for correct folding of RNAs (16) . The -AUUA-sequence in the scr1-1 mutation contains two changes from the -GNRA-consensus . It is likely that it affects folding or stability ofthe 7S RNA, but the possibility of sequence-specific interactions with SRP polypeptides or even the SRP receptor protein cannot be excluded .
A major result of this study is that a mutation in the 7S RNA component of SRP preferentially affects the synthesis of AEP, a secreted protein from Y. lipolytica. Although the results with scrll do not support a role in protein translocation, they constitute in vivo evidence for involvement of SRP with a secreted gene product . The three functions of SRP as defined in vitro are signal recognition, translational arrest, and translocation promotion . A possible explanation of the data which fits current models is that signal recognition and translational arrest were not affected by the scrll mutation, but that it resulted in decreased ability to release translational arrest after interaction with the SRP receptor or in decreased efficiency of the interaction of the nascent chain/ ribosome/SRP complex with the SRP receptor. Since SRP and translational arrest are released after the complex binds to the SRP receptor, this less efficient interaction would lead to the maintenance of translational arrest of AEP synthesis . Translational arrest by SRP has been demonstrated in several in vitro systems (see reference 78) , but the only other in vivo evidence for translational arrest is quite indirect (76) . We believe that the effect of scr1-1 mutation on AEP synthesis is 61 the most direct indication that translational arrest is occurring in vivo. Whether or not it is an essential in vivo function still remains to be determined. In vitro studies in higher eukaryotes suggested that the loops in domains III and IV of the SRP 7S RNA are bound by Srp19p (64) , and that this binding is required for Srp54p binding (64, 65) . However, recent results suggest that domain III may interfere with Srp54p binding in the absence of Srp19p and that after Srp19p binding there is a conformational change in the 7S RNA so that Srp54p now can bind to the stem loop in domain IV (54, 80) . Since Srp54p interacts with the signal peptide (34), we originally expected scrl-1 to decrease the affinity of SRP for the signal peptide resulting in accumulation of an untranslocated AEP precursor. Instead, our results suggest that the mutated loop might affect the conformation or binding of Srp68p, which is believed to interact with the SRP receptor (64) (65) (66) , or that SRP 7S RNA interacts directly with SRP receptor.
The total counts incorporated and the ratio of Con A bound counts to total counts varied substantially from experiment to experiment (Table I) . However, within an experiment the comparison of the ratios of bound/total counts was quite consistent with values for DY66 (scrl-1) being 67-77 of those for DY63 (SCRI) for an average decrease of 27 % . This value is somewhat of an underestimate as some labeled glycoproteins are cytoplasmic or nuclear (29) . However, unless they are a large percentage ofthe total glycoproteins, the decrease in synthesis for secreted proteins determined in the Con A experiment is significantly less than the decrease in AEP synthesis. This suggests that biosynthesis of other secretory proteins is not as severely affected by the scrll defect as is AEP biosynthesis. This is consistent with translational arrest by SRP not necessarily being complete (78) and with the degree of arrest depending on the specific signal peptide.
The decrease in secreted AEP synthesized in DY66 (scrl1) compared to DY63 (SCRI) was also about threefold less than for the 55-kD AEP precursor. Calculated based on the percentage of total counts incorporated found in secreted AEP, the decrease averaged 22 % for the last three samples in Fig .  4 b. The reason for this difference is unknown . The use of immunoprecipitation to measure levels of the 55-kD AEP precursor, a transient intermediate, may overestimate the decrease in AEP synthesis. If translational arrest results in a range of less than full-length precursors, they might be less efficiently precipitated and they might not be detected because they would be spread out over the gel lane. Early in the chase, more labeled partially completed precursor molecules would be expected in DY66 (scrl-1) than in DY63 (SCRI) because of the maintenance of translational arrest . However, eventually arrest would be released and this previously undetected label would ultimately accumulate in secreted AEP
Co-and Pbsttranslational Translocation
Another significant result of this study is the posttranslational translocation of the mutated P17M AEP Although posttranslational protein translocation has been demonstrated both in vivo and in vitro for procaryotes (41) and S. cerevisiae (2, 10, 20, 27, 28, 38, 42, 55, 57, 67, 70, 75) , Y. lipolytica is the most evolutionarily advanced organism in
The Journal of Cell Biology, Volume 116, 1992 which in vivo posttranslational translocation has been shown to occur. Y. lipolytica is dimorphic, growing as either yeastlike or filamentous forms, and in many ways such as the organization of its rRNA genes (17, 72) it appears more closely related to the filamentous fungi than to other yeast genera . Based on 18S rRNA sequences, the evolutionary .distance between Y. lipolytica and S. cerevisiae (5) is comparable or greater than that between S. cerevisiae and S. pombe (W. Weisburg, personal communication) . A comparison of snRNAs in various yeasts revealed that the sizes of the Y. lipolytica snRNAs were much closer to those for human than were the snRNAs from S. cerevisiae (53) . By several criteria the Y. lipolytica SRP 7S RNA is more higher eucaryotec-like than the S. cerevisiae homologue . The Y. lipolytica SRP 7S RNAs are closer in size and seemingly secondary structure, 270 nucleotides (30, 46) versus 300 for human (74) and 519 for the S. cerevisiae SCRI gene product (22) . In Y. lipolytica the SCR genes are essential for growth (31) ) and not just important as in S. cerevisiae (22) . Finally, higher eucaryotes have multiple transcribed SRP 7S RNAs (81) , and Y. lipolytica is the only genetically tractable lower eucaryote having more than one functional SRP 7S RNA .
The conclusion that the P17M AEP is translocated posttranslationally was based on several findings. The kinetics of the pulse-chase experiments fit a precursor-product relationship for the 53-and 55-kD precursors . An untranslocated precursor would be expected to contain the signal peptide and to lack N-linked carbohydrate as was found for the P17M 53-kD AEP precursor. A translocated precursor would be expected to lack the signal peptide and to contain N-linked carbohydrate as was found for the P17M 55-kD AEP precursor. The protease-protection experiments demonstrate that the P17M 55-kD AEP precursor is located in a membranebound compartment and are consistent with a cytoplasmic location for the P17M 53-kD AEP precursor.
The results with P17M in a wild type background and with DY66-P17M suggest that the signal peptide was not recognized by SRP The P17M mutation may affect the conformation or accessibility of the signal peptide. In vitro experiments with preprolactin suggest that subtle sequence changes beyond the signal cleavage site could affect signal peptide function, and co-translational translocation was less efficient in the preprolactin mutants (4) . However, translational arrest by SRP in vitro in the absence of membranes did not seem to be affected (4) .
The presence of the 55-kD AEP precursor in the earliest time point samples raised the possibility that some translocation of P17M AEP precursors was occurring co-translationally. If this were the case then the level of 55-kD synthesis in DY66-P17M would be expected to be lower than in DY63-P17M. However, no significant difference was found suggesting that all or nearly all the 55-kD AEP precursor was translocated posttranslationally. If the P17M precursor does not interact with SRP, then how it is targeted to the ER membrane and whether or not it uses the same translocation machinery as used for SRP-mediated co-translational translocation are open questions . It should be noted that the translocation of P17M AEP is kinetically quite inefficient compared to co-translocational translocation of wild type AEP
The results obtained with the mutated P17M AEP are not inconsistent with co-translational translocation (with SRP at least involved in AEP synthesis) being the major pathway for 614 AEP translocation in wild type cells . In fact, the demonstration that an untranslocated AEP precursor can be detected in the mutant strengthens the conclusion (based on the absence of untranslocated precursors even after labeling times as short as 30 s) that translocation is co-translational in the wild type. Recently in vitro evidence for posttranslational and SRP-mediated co-translational translocation was obtained for dog pancreas microsomal membranes (61) , and in vivo evidence for involvement ofSRP homologues in protein translocation in S. cerevisiae may be forthcoming (48) . However, assuming that SRP is involved not only in synthesis but also in translocation of AEP, then AEP would be the first protein for which there would be in vivo evidence for both posttranslational and SRP-mediated co-translational translocation. The AEP results are consistent with a recent E. coli model where the co-translational pathway is mediated by SRP-like ribonucleoprotein and the posttranslational pathway is a salvage pathway (50) .
